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Lettuce necrotic yellows virus (LNYV) is a prototype of the plant-adapted cytorhabdoviruses. Through a meta-prediction of dis-
order, we localized a folded C-terminal domain in the amino acid sequence of its phosphoprotein. This domain consists of an
autonomous folding unit that is monomeric in solution. Its structure, solved by X-ray crystallography, reveals a lollipop-shaped
structure comprising five helices. The structure is different from that of the corresponding domains of other Rhabdoviridae, Fi-
loviridae, and Paramyxovirinae; only the overall topology of the polypeptide chain seems to be conserved, suggesting that this
domain evolved under weak selective pressure and varied in size by the acquisition or loss of functional modules.

Numerous viruses infecting plants are classified as rhabdovi-
ruses most generally on the basis of electron microscopic ob-

servations of distinctive enveloped bacilliform or bullet-shaped
particles in the infected cells (1, 2). Only a few of them were con-
firmed to be true rhabdoviruses by sequencing of their genome
and molecular studies (1, 2). The Rhabdoviridae belong to the
nonsegmented negative-stranded RNA viruses (NNVs); together
with the Paramyxoviridae, the Filoviridae, and the Bornaviridae,
they constitute the order Mononegavirales. Plant rhabdoviruses
are classified in two genera on the basis of their site of virion
maturation; members of the genus Cytorhabdovirus assemble in
the cytoplasm, whereas members of the genus Nucleorhabdovirus
assemble in the nucleus (3).

The lettuce necrotic yellows virus (LNYV), identified in 1963
in Australia (4), is found only in Australia and New Zealand, but it
is very similar to the lettuce yellow mottle virus that was recently
isolated in France (5). Infection by LNYV causes fading of the
leaves and necrosis of the heads, rendering the lettuce unsuitable
for consumption. LNYV is transmitted by an aphid of the genus
Hyperomyzus (4), and the main natural reservoir of both virus and
vector is the common sowthistle (Sonchus oleraceus), which is in-
fected without showing any symptoms. Disease outbreaks occur
where the natural reservoir is densely populated and coincide with
flight periods of the vector.

LNYV is the prototype member of the Cytorhabdovirus genus
(3). In the late stages of LNYV replication, viral particles bud from
the endoplasmic reticulum and accumulate in the cytoplasm (6,
7). The genome of LNYV was completely sequenced, revealing an
organization conserved among other rhabdoviruses (8). It con-
sists of six genes flanked by untranslated 3= leader and 5= trailer
sequences, and intergenic regions contain highly conserved con-
sensus sequences. On the basis of sequence analysis and immuno-
labeling, the genes were proposed to encode successively from the
3= extremity to the 5= extremity the nucleoprotein (N), the phos-
phoprotein (P), a plant-specific 4b protein assisting in cell-to-cell
movement of viral complexes through plasmodesmata and the
vascular system, the matrix protein (M), the glycoprotein (G), and
the large subunit of the RNA-dependent RNA polymerase (L)
(8–12).

In infected cells, the N and P proteins of LNYV interact with

each other, as in plant nucleorhabdoviruses and other rhabdovi-
ruses (6), but little is known about the functions of P in LNYV or
in other members of the Cytorhabdoviridae. However, the struc-
ture and function of the P protein from rhabdoviruses have been
studied, in particular, those of the P protein from vesicular stoma-
titis virus (VSV), a Vesiculovirus, and from rabies virus (RAV), a
Lyssavirus (13). In NNVs, the phosphoprotein plays multiple roles
during the replication process, some of which seem to be com-
mon, while others are specific to a virus or a viral family. In all
these viruses, P forms a two-subunit RNA-dependent RNA poly-
merase with the L protein, in which P acts as a noncatalytic cofac-
tor, positioning the polymerase on its template (14). The genomic
RNA of the rhabdoviruses, like that of all NNVs, is entirely coated
by the viral N, and it is the N-RNA complex rather than the naked
RNA that serves as a template for the polymerase (15). The repli-
cation of the viral genome thus requires a continuous supply of N,
and a second common function of P is to act as a chaperone of the
nascent nucleoprotein, preventing the automatic assembly of N in
the absence of viral RNA and the encapsidation of cellular RNA
(16, 17).

VSV P and RAV P form nonglobular dimers (18). Limited
proteolysis, disorder predictions, and biochemical studies of pro-
tein fragments revealed that these proteins are multidomain pro-
teins that consist of two structured domains and two disordered
regions (19). A central domain is responsible for the dimerization
of the protein, whereas a C-terminal domain binds to the N-RNA
template. The structures of both domains of VSV and RAV P, as
well as the C-terminal domain of Mokola virus (MOKV), were
solved recently (20–24). Despite a lack of sequence conservation,
the structures of the three C-terminal domains are similar (24,
25), suggesting that they are homologous. Conversely, the struc-
tures of the central domains of VSV and RAV are so different that
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it is impossible to conclude that they have a common ancestry
(22). The N-terminal region of the protein is globally disordered,
while a flexible linker connects the central and C-terminal do-
mains, making the protein highly flexible and structurally hetero-
geneous. A recent integrative structural characterization of the
phosphoprotein of VSV combining the atomic structures of the
domains with nuclear magnetic resonance spectroscopy and
small-angle X-ray scattering data led to a representation of the
protein in the form of an equilibrium ensemble of interconverting
conformers rather than a unique structure (26). Disorder predic-
tions and structural studies showed that a similar modular orga-
nization is conserved among P proteins from the Paramyxoviridae
(27, 28), Bornaviridae (29), and Filoviridae (30).

Since no structural information was available for any Cytorh-
abdovirus, we used a meta-prediction of disorder to localize the
disordered and structured regions in the sequence of LNYV P. The
disorder score (D score) provides a consensus from 16 different
web servers that predict the localization of disordered regions
from the amino acid sequence of a protein (19, 24). Consequently,
for a multidomain protein, this meta-prediction of disorder al-
lows localization of the boundaries between ordered and disor-
dered regions. On the basis of this analysis, we cloned, expressed,
and purified the C-terminal domain of the LNYV P protein. Its
crystal structure revealed a fold that is different from the folds of
VSV and RAV and from the folds of paramyxo- and filoviruses but
that suggests common ancestry.

MATERIALS AND METHODS
Amino acid sequence analysis, cloning, production, and purification of
the C-terminal domain of LNYV P. The location of disordered regions
within LNYV P was predicted by submitting its amino acid sequence to 16
different algorithms accessible through web servers and by calculating a
consensus prediction, as described previously (19, 24). On the basis of this
prediction, a synthetic gene (GeneArt) optimized for expression in Esch-
erichia coli and encoding residues 230 to 300 of LNYV P (71 residues) was
cloned between the NcoI and BamHI restriction sites of a pET28 vector,
such that the construct includes two additional N-terminal residues (Met-
Ala) and a C-terminal His6 tag with a Leu-Glu linker. The construction
was verified by DNA sequencing. The protein was expressed in E. coli
BL21(DE3-RIL). Cells were grown in LB medium at 37°C until the optical
density at 600 nm reached a value of 0.6. Then, protein expression was
induced by adding 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside),
and cells were grown for 3 h. Protein with a selenomethionine (SeMet)
substitution was produced by growing the bacterial cells in minimal me-
dium and by adding SeMet before induction of the heterologous protein
expression. The cells were harvested and suspended in 20 mM Tris-HCl
buffer at pH 7.5 containing 150 mM NaCl and EDTA-free protease inhib-
itor cocktail (Roche) (buffer A). The cells were broken by sonication, and
the soluble fraction was loaded onto a Ni2� column equilibrated in buffer
A. The column was washed with buffer A containing 20 mM imidazole,
and the protein was then eluted with buffer A containing 300 mM imida-
zole. The protein was further purified by gel filtration with a Superdex S75
column (GE Healthcare) equilibrated in buffer A. The protein prepara-
tions were checked by SDS-PAGE.

SEC combined with detection by MALLS and refractometry. Size-
exclusion chromatography (SEC) was performed with a Superdex S75
column (GE Healthcare) equilibrated in 20 mM Tris-HCl, pH 7.5, 150
mM NaCl. Separations were performed at 20°C with a flow rate of 0.5 ml ·
min�1. Fifty microliters of a protein solution at a concentration of 7 mg ·
ml�1 was injected. Online multiangle laser light scattering (MALLS) de-
tection was performed with a DAWN-EOS detector (Wyatt Technology
Corp., Santa Barbara, CA) using a laser emitting at 690 nm. The protein
concentration was measured online by the use of refractive index mea-

surements, an RI2000 detector (Schambeck SFD), and a refractive index
increment dn/dc, the differential increment of refractive index per differ-
ential increment of concentration, of 0.185 ml · g�1. Data were analyzed,
and weight-average molecular weights (Mws) were calculated using the
software ASTRA V (Wyatt Technology Corp., Santa Barbara, CA) as de-
scribed previously (18). For size determination, the column was calibrated
with proteins of known Stokes radius (RS) (31).

CD spectroscopy. Far-UV circular dichroism (CD) spectra were re-
corded at 20°C on a Jasco model J-810 CD spectropolarimeter equipped
with a Peltier temperature controller. The LNYV P C-terminal domain
(PCTD) was in 20 mM Tris-HCl, pH 7.5, containing 150 mM NaCl. Spec-
tra were measured in a cuvette with a path length of 1 mm. The temper-
ature-induced unfolding and refolding were recorded at 222 nm in a cu-
vette with a path length of 10 mm by varying the temperature between 25
and 60°C using a scan rate of 60°C/h.

Crystallization, data collection, and structure determination and
refinement. Crystallization conditions were screened by the hanging-
drop vapor diffusion method using a PixSys4200 Cartesian robot (high-
throughput crystallization laboratory at EMBL, Grenoble, France). The
screen was performed by combining 0.1 �l of protein solution at 8 mg ·
ml�1 in buffer A with 0.1 �l of Hampton crystal screen solutions.

The selenomethionine derivative of LNYV PCTD was crystallized in a
solution of 20 mM sodium cacodylate buffer at pH 6.5 containing 200
mM magnesium acetate and 15% 2-methyl-2,4-pentanediol (MPD).
Crystals were frozen in the same solution at a final concentration of 30%
MPD as the cryoprotectant.

Diffraction data were collected at Se-K edge on the ID14-4 beam line
(European Synchrotron Radiation Facility [ESRF], Grenoble, France).
The crystals diffracted to 2.0-Å resolution and belonged to space group
P4122. Data were integrated and scaled using the XDS program (82). Two
selenium sites and initial phases were found by the single-wavelength
anomalous diffraction (SAD) method using the ShelX-C-D-E pipeline
(83), and the software Resolve (84) was used to automatically trace a
model in the resulting electron density. The model was improved by hand
and finally refined with the REFMAC5 program (85). The quality of the
model was checked with the PROCHECK program (32). Data collection
and refinement statistics are summarized in Table 1.

Structure analysis and comparisons. The CLUSTALW2 server was
used for sequence alignments (33). The structure homology program
(SHP) was used for structural alignment and for constructing the struc-
ture-based phylogenetic tree (34, 35). The electrostatic maps were calcu-
lated using the Delphi program (36). The conservation score was calcu-
lated with the AL2CO program (37). Figures of the structure were
prepared with the PyMOL program (38).

Protein structure accession number. Coordinates of the protein have
been deposited in the Research Collaboratory for Structural Bioinformat-
ics Protein Data Bank (PDB) with the accession number 3T4R.

RESULTS
Meta-prediction of disorder. The structural characterization of
the phosphoprotein from different NNV families revealed a mod-
ular architecture made of folded domains concatenated with dis-
ordered regions (27). Multiple-sequence alignments, however,
showed no significant sequence conservation between the amino
acid sequence of LNYV P and the sequences of the P proteins from
other Rhabdoviridae or NNVs (39). A consensus from multiple
disorder predictions was calculated in the form of a D score, using
a method previously described (19, 24). In these studies, plotting
the D score as a function of residue number allowed localization of
the boundaries of the oligomerization domain (P central domain,
PCED) and N-RNA binding C-terminal domain (PCTD) in the P
proteins from vesiculoviruses (VSV) and lyssaviruses (RAV) (19,
24). The D score calculated for the amino acid sequence of LNVY
P predicted the presence of two intrinsically disordered regions
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(IDRs) with contiguous D-score values lower than 0.5 (N-termi-
nal IDR, amino acids [aa] 1 to 63; C-terminal IDR, aa 184 to 229)
and two folded regions with contiguous D-score values higher
than 0.5, a central bipartite domain (P protein central bipartite
domain, aa 64 to 183) and a C-terminal domain (PCTD, aa 230 to
300) (Fig. 1). This modular organization, reminiscent of that pre-
viously observed for other NNV viruses, suggested that the pre-
dicted C-terminal domain of LNYV P corresponded to the N-
RNA binding domain of rhabdovirus P proteins (19, 23, 24).

Expression and purification of LNYV PCTD. On the basis of
the boundaries defined by the D-score analysis, a synthetic cDNA

corresponding to residues 230 to 300 of LNYV P was cloned and
expressed in the Escherichia coli BL21(DE3-RIL) strain as a His tag
fusion protein. The protein was purified by nickel-affinity chro-
matography and size-exclusion chromatography. In solution,
PCTD behaves as a monomer with a molecular mass of 9.2 � 0.5
kDa, determined by SEC-MALLS, which is in good agreement
with the mass of 9,198 Da calculated from the amino acid se-
quence (including nonviral amino acids from the N- and C-ter-
minal extremities) (Fig. 2A). The Stokes radius of 1.7 � 0.1 nm is

TABLE 1 Data collection and refinement statistics

Parametera Value for crystal 1b

Data collection statistics
Space group P4122
Unit cell dimensions

a, b, c (Å) 43.45, 43.45, 89.71
�, �, � (°) 90.0, 90.0, 90.0

Resolution (Å) 43.28–2.00 (2.16–2.00)
Rsym (%) 4.3 (26.6)
Avg I/�	I
 16.05(4.03)
Completeness (%) 98.9 (100)
Redundancy 3.76 (3.80)

Refinement statistics
Resolution (Å) 43.28–2.00 (2.16–2.00)
No. of reflections 47,380 (7,366)
Rwork/Rfree (%) 22.6/29.0
No. of atoms

Protein 610
Water 22

RMSD
Bond lengths (Å) 0.031
Bond angles (°) 2.095

Avg B factor (Å2)
Protein 54.8
Water 58.0

Ramachandran plot (%)
Favored regions 90.8
Allowed regions 98.2

a Rsym, linear R factor used to estimate the precision with which diffraction data are
measured; I, intensity of a reflection.
b Values in parentheses are for the highest-resolution shell.

FIG 1 Predicting boundaries between structured and disordered regions for
LNYV P. The D score as a function of residue number is calculated as a con-
sensus of different predictions, as described in Materials and Methods. Regions
of the protein with contiguous D-score values above 0.5 are predicted to be
structured, whereas regions with D-score values below 0.5 are predicted to be
disordered (19). The gray shaded area shows the region of the protein that has
been selected, cloned, and characterized in this work.

FIG 2 Solution properties of LNYV C-terminal domain. The experiments
were performed in a 20 mM Tris-HCl buffer at pH 7.5 containing 150 mM
NaCl at 20°C. (A) Molecular mass determined by size-exclusion chromatog-
raphy combined with detection by multiangle laser light scattering and refrac-
tometry (SEC-MALLS-RI). Fifty microliters of a protein sample at 7 mg · ml�1

was injected on a Superdex S75 column. The line shows the SEC elution profile
as monitored by refractometry. The crosses show the molecular mass calcu-
lated from light scattering and refractometry data. (B) Secondary structure by
far-UV circular dichroism. The spectrum was measured with a protein sample
at a concentration of 2 mg · ml�1 in a 1-mm cuvette. (C) Thermal unfolding
monitored by far-UV circular dichroism at 222 nm. The experiment was per-
formed with a protein sample at a concentration of 0.2 mg · ml�1 in a 10-mm
cuvette under continuous stirring. [�], molar ellipticity per residue. The tem-
perature was raised at a speed of 1°C · min�1.
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close to that expected for a globular protein of this molecular mass
(1.6 nm) (31). The far-UV circular dichroism spectrum with two
minima at 208 and 222 nm indicated an �-helix-rich protein (Fig.
2B). The reversible thermal unfolding exhibited a sigmoid transi-
tion typical of a well-folded protein with a hydrophobic core (Fig.
2C). These results clearly demonstrated that LNYV PCTD consists
of an autonomous structural unit that adopts a globular fold with
a large content of �-helical structure even in the absence of the
remaining part of the protein.

Crystal structure of LNYV PCTD. A selenomethionine deriva-
tive of the LNYV PCTD was crystallized at 20°C in 20 mM sodium
cacodylate buffer at pH 6.5 containing 200 mM magnesium ace-
tate and 15% MPD. Diffraction data on frozen crystals were col-
lected at the Se-K edge on beam line ID14-4 (ESRF, Grenoble,
France). The crystal diffracted to a 2.0-Å resolution and belonged
to space group P4122 with one monomer in the asymmetric unit.
The phases were solved by the SAD method using the ShelX-C-
D-E pipeline (40). A preliminary model including residues 230 to
300 of LNYV and the first amino acid (Leu) of the C-terminal His
tag was automatically generated in the electron density with the
software Resolve (41) and was refined with the REFMAC5 pro-
gram (42). The quality of the model was evaluated with the
PROCHEK program (32) (Table 1). The high B-factor values as-
sociated with numerous residues in the structure and the absence
of visible density for eight of the nonviral residues that are part of
our construct likely contribute to the discrepancy found between
the quality of the data (resolution of 2 Å) and the quality of the
derived model (Rwork � 22.6%; Rfree � 29.0%) (Table 1).

The C-terminal domain of LNYV P comprises five � helices,
named �1 to �5 (Fig. 3A). The overall structure of PCTD is made of
a globular region formed by helices �1 to �4 and by the N-terminal
part of helix �5 and of a stalk formed by the C-terminal part of
helix �5. The globular region has one flat face formed by helices �4

and �5 and one rounded face formed by the three remaining he-
lices. Side chains from residues in helices �1 to �4 and residues in
the N-terminal moiety of helix �5 form a hydrophobic core. A
hydrophobic groove including a hole is localized on the protein
surface between helices �1, �2, and �5 (Fig. 3B, hydrophobic
groove 1). It includes Trp244, Tyr252, Ile256, Phe259, Leu260,
and Leu292. A second deep groove at the top of the domain is lined
with Leu238, Leu242, Leu266, and Leu273 (Fig. 3B, hydrophobic
groove 2). Analysis of the distribution of electrostatic potentials
(Fig. 3C) showed the presence of two patches of negative charges
on opposite faces of the molecule. Asp263, Asp264, Glu284, and
Glu287 form an elongated negative patch on the flat face (negative
patch 1), whereas Asp243, Glu245, Glu248, Glu276, and Glu279
(negative patch 2) line along a ridge on the round face of PCTD.

Structural comparison with other PCTDs. The three-dimen-
sional structure of the corresponding C-terminal domain of P has
been solved previously for three rhabdoviruses (20, 23, 24), three
paramyxoviruses (43–45), and the VP35 protein of a filovirus (46,
47). In the absence of sequence conservation between LNYV P and
these other P proteins, we performed pairwise alignment of the
LNYV PCTD structure with the PCTD structures from the other
viruses using the PDBeFold server (48) and the TM-align server
(49). These programs use the optimization of empirical scores for
aligning structures. These scores, the quality function score (Q
score) associated with the probability P score used by PDBeFold
and the template-modeling score (TM score) used by TM-align,
account for both alignment length and the distance between

aligned residues and, therefore, are less sensitive to local structural
variations than the root mean square deviation (RMSD) alone
(Table 2). The value of these scores increases from 0 to 1 with
increasing structural similarity. Typically, a high Q-score value
associated with a P value larger than 3 or a TM value larger than 0.5
indicates that there is a similarity in the fold of the aligned mole-
cules (48, 49). Both procedures yielded values below the limits
considered to indicate structural homology (Table 2). The
Q-score values were between 0.10 and 0.25, but the associated P
values were low, indicating a low significance. The TM-score val-
ues approached the 0.5 limit but remained slightly lower. In con-
clusion, these alignment procedures suggest that the structure of
the LNYV PCTD domain is different from that of the PCTD domains
of other NNVs.

Search of PDB. Searches of PDB using the DALI server (50) or
PDBeFold server (48) yielded only hits that did not meet the sig-
nificance criteria set by default in these processes and failed to
recognize the C-terminal domains of other NNV phosphopro-
teins as relatives of the LNYV PCTD.

DISCUSSION
A common modular architecture for NNV phosphoproteins. All
NNVs share a similar organization of their genome, similar mech-
anisms for transcription and replication in the host cell, and sim-
ilar functions for the different viral proteins in the replication
process, arguing for a descent from a common ancestor. However,
the high rate of mutations due to the absence of proofreading in
RNA replication produces large divergences in protein lengths
and sequences. For some proteins, homology between the differ-
ent NNV families remains detectable at the level of the amino acid
sequence, allowing the construction of phylogenetic trees from
multiple-sequence alignments (3, 51). Structural comparison of
the nucleoproteins and matrix proteins clearly reveals conserva-
tion of protein folds (52, 53). For the phosphoprotein, however,
the length of the protein varies greatly between viruses, and se-
quence similarity is generally undetectable beyond the family level
and even sometimes beyond the genus level (3, 39, 54).

Predictions and experimental studies revealed that the phos-
phoproteins from different NNV families share a modular archi-
tecture with disordered regions alternating with folded domains
(19, 27, 55, 56). Disordered regions and folded domains playing
similar roles in the replication and transcription processes are po-
sitioned in the same order along the polypeptide chain. The pro-
tein can be grossly divided into two parts. The N-terminal part is
globally disordered and in some cases contains transiently popu-
lated helices in regions involved in binding viral or cellular part-
ners. In particular, this N-terminal region contains a binding site
for the RNA-free nucleoprotein (N0) conserved in the amino acid
sequence (39). For VSV, the D score predicted this region to be
structured (19), but it is globally disordered in isolation and forms
a stable helix only upon binding to N0 (57, 58). The C-terminal
part contains a homo-oligomerization domain and the C-termi-
nal N-RNA binding domain (PCTD) connected by a flexible linker
of variable length. The P protein of the Paramyxoviridae forms
tetramers (28, 59), whereas that of the Rhabdoviridae forms
dimers (18, 21, 22). The D score calculated from the amino acid
sequence of LNYV (Fig. 1) supports a modular organization sim-
ilar to that of the other NNVs and predicts the presence of a long
N-terminal disordered region (aa 1 to 63) and a central folded
region (aa 64 to 184) separated from PCTD (aa 230 to 300) by a
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disordered linker (aa 185 to 229). The predicted central domain of
LNYV may correspond to the homo-oligomerization domain.

Evolutionary relationships within NNV families. The scores
obtained for pairwise structural alignments of the PCTDs from
the Rhabdoviridae, Filoviridae, and Paramyxovirinae are below the
threshold commonly accepted for validating homology. Even the
structural comparisons between LNYV PCTD and the correspond-
ing domain from vesiculoviruses or lyssaviruses show no evidence
for structural conservation. Nevertheless, because different evi-
dence supports a divergent evolution of these viral families (54,

60) and because in all NNV P proteins this domain is located at the
C-terminal end and fulfills the same function of binding to the
nucleocapsid, it is tempting to speculate that they diverged from a
common ancestor. As such, structural comparisons can provide
clues about the mechanisms by which this domain has evolved.
Indeed, the pairwise alignments of the LNYV PCTD structure with
the PCTD structures from the other viruses showed a remarkable
conservation of the topology of the backbone and of secondary
structure elements (Fig. 4). Helices �1, �2, �3, �4, and �5 of LNYV
PCTD are aligned with helices �1, 1 (310 helix), �2, �3, and �4 of

FIG 3 Crystal structure of LNYV PCTD. (A) Schematic representation of LNYV PCTD. Helices are numbered from �1 to �5. The numbers indicate the positions
of the N- and C-terminal residues. The figure was drawn with the PyMOL program. The positions of the � helices along the amino acid sequence are shown. The
underlined residues are not visible in the crystal. The residues of LNYV are shown in black or red, and the nonviral residues added in the construct are colored
in gray. (B) Hydrophobic surface map. The distribution of hydrophobic residues on the surface is shown; yellow indicates hydrophobic sidechains. (C)
Electrostatic surface potential. The surface potential calculated with the Delphi program is plotted on the solvent-accessible surface of the protein from red
(negatively charged regions in electrostatic potential units, where kB is Boltzmann’s constant, T is the temperature, and e is the electron charge; �10 kBTe�1) to
blue (positively charged regions; �10 kBTe�1).
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RAV and MOKV PCTD (Fig. 4B), respectively, suggesting that the
overall topological organization of these secondary structure ele-
ments is conserved among rhabdoviruses. Previously, we had
shown that the topology of PCTD is also conserved between RAV
and VSV but that the latter lacks helices �4 and �6 of the RAV
protein (24). In accordance, helices �1, �2, �3, and �5 of LNYV
PCTD are matched with �1, 1, �2, and �4 of VSV, respectively (Fig.
4C). These alignments suggest that the PCTD domain of rhabdovi-
ruses may have conserved the backbone topology of an ancient
fold and may have evolved by acquiring or losing secondary struc-
ture elements.

The C-terminal domain of paramyxovirus P proteins consists
of an antiparallel triple-helix bundle that seems to be well con-
served within this family and is different from the structure of
rhabdovirus PCTD. Although it may be ambiguous to align a do-
main comprising only three consecutive helices, the four helices of
LNYV PCTD can be aligned with the three helices of measles virus,
mumps virus, and Sendai virus PCTD (Fig. 4D). Helices �2 and �5

of LNYV PCTD match helices �1 and �3 of the paramyxoviruses,
respectively. The pair of short helices of LNYV, �3 and �4, then
corresponds to helix �2 of the paramyxoviruses, although only
one of these helices may be conserved and the other may corre-
spond to an additional structural element. These structural align-
ments suggest some similarities in the general topology of the
polypeptide backbone and in the arrangement of secondary struc-
ture elements, as already suggested (24, 25, 39), even if our struc-
tural alignment of PCTD from the Rhabdoviridae and Paramyxo-
viridae is different from that previously reported (25). Similarly,

the LNYV PCTD structure can also be aligned with the C-terminal
domain of the Ebola virus (EBOV) VP35 protein. This domain is
composed of an �-helical subdomain and a �-sheet subdomain,
and the five helices of LNYV can be aligned with the four helices of
the helical subdomain of EBOV PCTD, again, with the short helices
�3 and �4 of LNYV matching the longer �3 helix of EBOV
(Fig. 4E).

To translate these structural similarities into evolutionary dis-
tances and to build a phylogenetic tree based on the PCTD struc-
tures, we used the structure homology program (34, 35). Accord-
ing to this procedure, pairwise alignments were performed, and
probabilities of equivalence were calculated for every residue of
both structures by comparing the positions of their C� atoms and
the local shape of the polypeptide chains around each residue. A
global parameter characteristic of the similarity between the two
structures was then computed as the sum of the probabilities for
all residues that have a structural equivalent in both structures.
This parameter was further converted into an evolutionary dis-
tance using an empirical logarithmic function established with
metrics for sequence alignments, and these distances were then
used to build a phylogenetic tree. The structure-based phyloge-
netic tree for the NNVs obtained from the comparison of their
PCTD domains (Fig. 5) is similar to the trees obtained on the basis
of the amino acid sequence of the N or L proteins (3, 52). The tree
suggests a monophyletic origin for the PCTD domain. It shows that
cytorhabdoviruses are as evolutionarily distant from other Rhab-
doviridae of the genera Vesiculovirus and Lyssavirus as from the
Filoviridae and Paramyxovirinae and suggests that the C-terminal

TABLE 2 Structural alignmentsa

Virus PDB accession no. Ntarget

PDBeFold TM-align

Q P RMSD (Å) Nalign TM RMSD (Å) Nalign

RAV 1VYI 111 0.18 0.00 3.24 55 0.43 3.31 50
MOKV 2WZL 107 0.15 0.06 3.15 50 0.47 3.32 58
VSV 2K47 73 0.13 0.03 3.37 39 0.36 3.26 72
MEV 10KS 53 0.25 0.00 3.41 47 0.41 3.53 47
SEV 1R4G 53 0.20 0.02 3.42 42 0.40 3.01 45
MUV 3BBZ 48 0.19 0.00 3.94 42 0.40 2.98 48
EBOV 3FKE 123 0.10 0.00 3.26 44 0.34 3.84 43
WASP 1EJ5 107 0.18 0.14 3.73 59 0.47 3.24 61
a LNYV PCTD, used as the query, contains 71 residues. Ntarget, number of residues in the target structure; Nalign, number of residues aligned in the best three-dimensional
superposition. RMSD is calculated between C� atoms of matched residues in the best three-dimensional superposition according to the following equation:

RMSD �� 1

Nres
�
i�1

Nres

di

where di is the distance between N pairs of equivalent C� atoms, i is the residue number, and Nres is the number of residues. The Q score evaluates the quality of the C� atom
alignment and takes both RMSD and alignment length into account according to the following equation:

Nalign1 Nalign2

�1 � (RMSD ⁄ R0)2�Nres1 Nres2

where Nalign1 and Nalign2 are the number of aligned residues in the query and target structures, respectively; Nres1 and Nres2 are the number of residues in each protein; and R0 is an
empirical parameter set equal to 3 Å. Q takes values between 0 and 1, and identical structures have a score of 1. The P-score parameter represents the minus logarithm of the P
value, where the P value measures the probability of achieving a match of the same or better quality as that obtained by chance. This P score was calibrated using a set of 700
structures, and P scores less than 3 indicate statistically insignificant matches. The TM score evaluates the quality of the C� alignment, which takes both RMSD and alignment
length into account according to the following equation:

TM � max�1 ⁄ Nres�
i

N

1 ⁄ [1 � (di ⁄ d0)2]�
where max is maximum and d0 is an empirical parameter depending on the length of the protein:

d0 � 1.24�
3

Nres � 15 � 18.

TM takes values between 0 and 1. TM values of 	0.17 correspond to random similarities, whereas TM values of 
0.5 indicate an equivalent fold. MEV, measles virus; SEV, Sendai
virus; MUV, mumps virus; WASP, Wiskott–Aldrich syndrome protein.
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domain of P has evolved after the NNVs diverged into the differ-
ent families. Most plant rhabdoviruses are dependent for their
transmission on insects, in which they also multiply, and are
thereby influenced in their evolution by replication in their vec-

tors (61). In this context, it is notable that, within the Rhabdoviri-
dae, LNYV is slightly more closely related to VSV, which is also an
arbovirus, than to the lyssaviruses (RAV and MOKV).

In the hypothesis that P from the different NNV families

FIG 4 Comparison of the LNYV PCTD structure with the PCTD structures of other NNVs. (A) Topology of LNYV PCTD. (B to E) Pairwise structural alignments.
The structure of LNYV was aligned pairwise with the structure of the C-terminal domains of different rhabdoviruses (RAV, VSV, MOKV), paramyxoviruses
(measles virus, mumps virus, Sendai virus), and filoviruses (EBOV) (Table 2). Representative superpositions for RAV (B), VSV (C), measles virus (MEV) (D),
and EBOV (E) are shown. In each panel, the structure of LNYV PCTD is shown in red and that of the aligned domain is shown in blue. The topology of the
compared protein domain is shown by the side.
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evolved from a common ancestor, we can ask the question of why
its C-terminal domain varies so much in sequence and length. The
C-terminal domain plays multiple roles in the different viruses,
but its common function is to mediate the binding of P to the
nucleocapsid (62, 63), an interaction that seems to be essential for
the processivity of the viral polymerase (64, 65). The large varia-
tion in PCTD sequences can be explained by weak selective pressure
acting on the sequence, as the only functional requirement is the
conservation of an interaction with the nucleocapsid that is suffi-
ciently strong for attaching and positioning the polymerase onto
its template. Such selective pressure is much less stringent than it
is, for example, in the case of an enzyme active site, and therefore,
the PCTD sequence is likely to tolerate extensive sequence varia-
tions. In addition, the topological complexity of the polypeptide
chain is low, as judged by values of the contact order parameter of
less than 0.2 (66), and therefore also suggests low selective pres-
sure on the amino acid sequence from folding. It is worth pointing
out that this variability extends even further to the mechanism of
complex formation between P and the N-RNA template. PCTD of
the rhabdoviruses is a well-folded domain that binds to the top of
the C-terminal domain of one N protomer, with the flexible N
C-terminal loop of the same protomer and of the adjacent one
pinching PCTD on two sides (62, 63). In the Filoviridae, the sub-
domain of PCTD that is directly involved in the interaction with the
nucleocapsid has been localized, but no structural information
about the formation of the complex is available. In the subfamily
Paramyxovirinae, PCTD binds to the C-terminal disordered tail of
N that protrudes from the nucleocapsid (67), inducing the forma-

tion of a helix in this disordered region of N upon formation of the
complex (68–70). In the subfamily Pneumovirinae, the region cor-
responding to PCTD is a short, disordered segment that binds to
the surface of the N-terminal domain of N (71, 72). In the latter
case, it is even more difficult to detect structural homology. One
may speculate that, for the Pneumovirinae, the C-terminal region
of P has been extensively reduced to a minimal segment which
remains capable of binding to N, though at a different site on the
surface of N.

In addition, the structural comparison of PCTD from the differ-
ent NNV families suggests that the variation in the length of this
domain results not only from mutations but also from the exten-
sion or reduction of secondary structure elements and potentially
also from the acquisition or loss of some secondary structure ele-
ments. In the Paramyxoviridae, the only known function of PCTD

is to attach P to the nucleocapsid, whereas in the Filoviridae and
Rhabdoviridae, PCTD is involved in other functions. We can there-
fore speculate that the larger size of the C-terminal domain is
correlated with its implication in other functions. In EBOV PCTD

(VP35), two entities performing different functions are clearly
distinguishable in the structure (46): a four-helix subdomain that
contains the structurally homologous helices of the Paramyxoviri-
nae and interacts with the nucleocapsid (73) and a C-terminal
subdomain made of a � sheet, an � helix, and a type II polyproline
helix involved in double-stranded RNA binding and in evading
the host immune system (46, 47). In animal rhabdoviruses (VSV
and RAV), the functional regions are not as clearly separated from
each other (23, 24). VSV PCTD interacts with L (74), is phosphor-
ylated by a cellular kinase (75), and regulates viral transcription
and replication (76). RAV PCTD is larger than VSV PCTD and is
involved in supplementary activities. In addition to its role in the
fixation of P to the nucleocapsid and in the regulation of viral
transcription and replication through phosphorylation by cellular
kinases (77, 78), RAV PCTD is also involved in the evasion of the
host immune system through interactions with different cellular
factors (79–81) and in the regulation of the nucleocytoplasmic
transport of P (77). In conclusion, the P protein may be less con-
served than other NNV proteins because it has served as a plat-
form for acquiring new functions through the recruitment of ad-
ditional structural modules and thereby for allowing viruses to
adapt to their different host cell environments.
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